A study was conducted in captive baboons to determine (i) the impact of cereal dietary fibre on faecal progestogen excretion, and (ii) whether means of controlling dietary effects could be identified. Blood was collected on 3 days per week and faeces on 5 days per week from four unanaesthetized cyclic female baboons, consecutively fed three diets of 5, 10 and 20% fibre for 90 days per diet. A 2 day lag time was detected before progesterone in the blood appeared in the faeces, regardless of diet (mean correlation was 0.62, P = 0.002). Increased dietary fibre had a negative effect on progestogen excretion (P < 0.004). Correspondence between blood and faecal progestogens was consistently greatest and the effect of dietary fibre least when faecal progestogens were expressed g \m=-\1 dry faeces. Several means of indexing faecal steroid excretion rates were examined including dehydroepiandrosterone (DHEA) and a number of byproducts of cholesterol metabolism. The cholesterol metabolite, cholestanone, was positively correlated with dietary fibre (r = 0.27; P < 0.04). Multiplying faecal progestogen concentration by the cholestanone g\m=-\1dry faeces concentration increased the correlation between serum and cholestanone-indexed faecal progestogens (r = 0.78, P = 0.0001) compared with nonindexed progestogens (r = 0.71, P = 0.0001). We conclude that expressing faecal progestogens g\ m=-\ 1dry faeces may be sufficient and the most cost-effective method for controlling for most dietary effects when the objective is monitoring longitudinal endocrine status in baboons. However, it may be appropriate to express faecal progestogens by cholestanone concentrations when increased precision is needed to overcome the effects of profound variations in dietary fibre.
Introduction
Interest in techniques for monitoring faecal steroids has increased considerably (Shackleton, 1974; Adlercreutz and Jarvenpaa 1982;  Shille et al, 1984; Mosti et al, 1984; Risler et al, 1987; Safar-Hermann et al, 1987; Perez et al, 1988; Wasser et al, 1988 Wasser et al, , 1991 Ziegler et al, 1988; Shideler et al, 1989; Kirkpatrick et al, 1990; Lasley and Kirkpatrick 1991). These noninvasive tech¬ niques have broad applications, permitting both longitudinal and experimental studies of reproductive and adrenal physi¬ ology in captive or free-ranging animals. Two factors influenc¬ ing the accuracy of such techniques are (i) the degree to which diet affects steroid excretion and (ii) our ability to control for such effects. Dietary fibre has been reported to decrease gastro¬ intestinal (Gl) transit time, while increasing faecal bulk and total faecal oestrogen excretion in women (Goldin et al, 1981 (Goldin et al, , 1982 . This paper examines the degree to which cereal dietary fibre affects progestogen excretion in captive, yellow baboons (Papio cynocephalus cynocephalus) housed at the National Institutes of Health Primate Research Unit. Several hypothetical indices Revised manuscript received 30 July 1992. of steroid excretion rate, including dehydroepiandrosterone (DHEA) and several byproducts of cholesterol metabolism, were tested as possible methods for minimizing dietary effects.
Shideler et al. (1989) proposed that relatively high circulating basal concentrations of DHEA (or DHEA-S) result in a persis¬ tently high baseline excretion rate, regardless of dynamic changes in serum. If correct, DHEA metabolites would vary proportionally with Gl transit time, thereby serving as an accurate excretion index for other faecal steroids. In theory, the DHEA hypothesis predicts that separate infusions of high and low doses of DHEA will result in peak faecal excretion of DHEA at approximately the same absolute concentrations, regardless of dose. However, the high dose will continue to be excreted at peak concentration for longer than the low dose. By contrast, peak excretion of other, similarly infused steroids (e.g. progestogens) in faeces will vary in proportion to the amount infused, and the excretion time course will be equivalent for both doses. We Dietary fibre also appears to influence excretion and microfloral degradation of bile acids and neutral sterols, which, like steroid hormones, are products of cholesterol metabolism (Nair 1984; Nair et al, 1984; Turjman and Jacob 1984) . Increased cereal dietary fibre decreases Gl transit time and bacterial con¬ version of primary (cholic and chenodeoxycholic) to secondary (deoxycholic and lithocholic) bile acids, thereby increasing the proportion of primary to secondary bile acids excreted in faeces (Kurup et al, 1984) . Cereal dietary fibre also increases faecal bulk, as well as excretion of the major cholesterol metabolites (coprostanol, coprostanone, cholestanol and cholestanone) in faeces (Nair et al, 1984) . Analyses were conducted to determine whether the ratio of primary to secondary bile acids or the con¬ centration of neutral sterols in faeces varied as a function of dietary fibre. The objective was to determine whether one or more of these metabolites might serve as an index of steroid excretion rate in faeces.
Materials and Methods

Sample collection
Four adult (7-10 year old) female baboons were each implanted with a catheter inserted into the femoral vein leading to a subcutaneous rubber bleeding port on the flank. Females were trained to present their flank for grooming, allowing blood samples to be withdrawn from the port by a syringe, without anaesthesia. Fresh faecal samples were collected (before 11:00 h) off a 0.6 cm mesh screen placed under each animal's cage, allow¬ ing urine to flow through freely into a stainless steel pan below. Blood and faecal samples were collected in the above manner 3 and 5 days per week, respectively, for 9 months, while females were fed on a diet containing 5, 10 and 20% cereal type fibre (3 months of each). All samples were frozen ( -20°C) until analysed. Diets were of a classical type consisting of a combi¬ nation of soy, com and alfalfa, prepared in pellet form by Marion Zoological, Inc. (Marion, Oklahoma). Crude protein was 25 + 1%, fat was 5.5 + 0.5%, and carbohydrates were about 17%. The diets differed only in percentage of dietary fibre (source: soy bean husks). The fibre consisted of 60% neutral detergent fibre, 43% acid detergent fibre, 3.5% acid lignon and 36% crude fibre. Animals were fed the same amount twice a day and generally consumed all pellets provided. The typical dietary fibre concentration of these captive baboons is about 6%, compared with a variable average of about 20% in the wild.
Sample extraction and faecal steroid analyses
Faecal steroids were extracted using the technique developed by Wasser et al. (1991) with the following modification. The entire faecal sample was taken to dryness in a rotary evaporator (Savant, Farmingdale, NY), mixed thoroughly and 0.2 g boiled for 20 min in 10 ml ethanol. The boiling method improved overall recovery of labelled progestogen-metabolites from 71 to 84%. These recovery estimates were conservative, based upon extraction of naturally metabolized, radiolabelled steroids infused into the animals (in contrast to >90% recovery of [3H]progesterone added to each sample before processing).
Progestogen concentrations were measured in extracted faecal samples using radioimmunoassay procedures described by Wasser et al (1991) . The assay used a monoclonal progesterone antibody made against the hemisuccinate of lla-hydroxyprogesterone coupled to BSA (Greiger et al, 1990) . Coefficients of variation for extraction and assay of two separate internal controls (pooled faecal samples containing high concentrations of oestradiol and progesterone and low concentrations of oestradiol and progesterone, respectively) were both 12.0% for oestradiol and 9.5% for progesterone (8 extractions and assays each). Intra-assay coefficients of variation were 2.1% and 2.2% for the oestradiol and progesterone assays, respectively. Faecal steroid concentrations were expressed per gram dry weight and per gram equivalent wet weight (determined by measuring the amount of water in the fresh sample and adjust¬ ing the dry material analysed to include the water contribution). These two values were compared to determine which one (i) provided the best correspondence with serum hormone concentrations, and (ii) was least affected by dietary fibre.
Infusion of [3H]DHEA and [14C]progesterone
Two animals maintained on a constant 5% fibre diet were both administered (i.v.; about 09:00 h) a low and then a high dose (1 month apart) of [3H]DHEA (100 µ low; 200 pCi high) and [I4C]progesterone (10 pCi low; 20 pCi high; NEN, Wilmington, DE). Females were checked hourly and all urine and faeces were collected within 1 h of voiding for 96 h after infusion.
Bile acids and neutral sterol analyses Samples were analysed for neutral sterols (coprostanol, coprostanone, cholestanol and cholestanone) and primary (cholic and chenodeoxycholic) and secondary (deoxycholic and lithocholic) bile acids. Neutral sterols were analysed using a modification of techniques previously described by Turjman and Nair (1984) and Kurup el al (1984), respectively. Lyophilized faeces (100 mg) were extracted with ethanol/ammonia and saponified with sodium hydroxide in ethanol. Neutral sterols were extracted from this saponified mixture with hexane and measured by gas-liquid chromatography. The aqueous layer from the hexane extraction step was adjusted to pH 6.0 and hydrolysed with cholyglycine hydrolase from Clostridium perfringens (ATCC 19574, USDA, Beltsville, MD; Nair et al, 1967 Fig. 1 (a-d) . Correspondence between serum (ng ml-1; ·) and faecal^g g"1 dry weight; O) progestogens of four female baboons (animals 436, 464, 656 and 848, respectively), across a four-fold increase in dietary fibre for 9 months (5% fibre = day 1 to 90; 10% fibre = day 91 to 180; 20% fibre = day 181 to 250).
differences. Potential indices demonstrating the predicted re¬ lationship between excretion and dietary fibre were used to index faecal progesterone concentrations. Indexed and nonindexed faecal progestogen concentrations were correlated separately with serum progesterone. Indices were considered effective if their use significantly improved (P < 0.05) the correlation between serum and faecal progestogens.
Results
Serum and faecal progestogen profiles Serum progesterone concentrations were consistently the most predictive of progestogen concentrations in faeces col¬ lected 2 days later (Fig. 1 ). On this basis, there was excellent correspondence between blood and faecal progestogens in all animals, regardless of dietary fibre. As demonstrated below, these lag-time data were consistent with the approximate 40-50 h lag detected from the time of infusion of radiolabelled steroids in blood until their concentration peaked in faeces. It is noteworthy that the scales of both serum and faecal pro-gestogen concentrations vary markedly between females. Some of these differences can be explained by spikes in the steroid concentrations of one or two samples. For example, the faecal progestogen concentrations of animal 436 were comparable to those of the other three females, with the exception of two consecutively high faecal progestogen samples she voided at about day 75 (Fig. la ). Among the four females, animal 464 (Fig.   lb ) actually showed the most consistently high faecal pro¬ gestogen concentrations; her serum progesterone concentrations were also the highest among the four females. A significant effect of dietary fibre on variance of faecal progestogens was found (ffiber, Table 1 ). The impact of dietary fibre on progestogen excretion g_I dry faeces (P < 0.002) was significant when data from all animals were pooled and individual differences controlled by dummy-coding (Table 1) . However, when analysed by individual, dietary fibre improved (P < 0.05) prediction of faecal progestogen concentrations only for animal no. 848. (This animal also appeared to have the poorest serum-faecal progestogen correspondence of the group.) In all cases, increased dietary fibre decreased progesto¬ gen excretion g_I dry faeces (Table 1, Fig. 1 ), but presumably (Goldin et al, 1981 (Goldin et al, , 1982 . Overall, the serum-faecal correspondence in steroid concentrations (fsenlnl) was best, and the effect of dietary fibre on faecal steroid excretion (ffiber) least, when faecal steroids were expressed g~: dry weight (versus g_1 equivalent wet weight). This occurred if analyses were conducted upon individual females or with all females combined (Table 1) .
The percentage of water in faeces increased with dietary fibre (P < 0.0001). However, the effect of percentage of water on faecal progestogen concentrations was significant only (P < 0.0001) for samples expressed g_I wet (versus dry)
weight. The effect of dietary fibre also remained significant in this model.
fHjDHEA and ¡uC]progesterone excretion
Forty per cent of infused progesterone was excreted into faeces after infusion of DHEA and progesterone compared with only 14% of DHEA (Fig. 2) 
Cholesterol metabolite and bile acid excretion
On the basis of analyses of 60 faecal samples, virtually no primary bile acids (cholic and chenodeoxycholic) were found, eliminating use of the ratio of primary to secondary bile acids as a possible steroid excretion index. Of the four cholesterol metabolites examined, only cholestanone excretion corres¬ ponded to dietary fibre; cholestanone excretion increased pro¬ portionally (P < 0.04) with the amount of dietary fibre (Fig. 3) .
Cholestanone excretion was not affected (P > 0.05) by per¬ centage of water in the sample (data not shown). When dietary fibre was used to predict faecal cholestanone and progestogen concentrations, the respective slopes of the two regression lines were of similar magnitude, but in opposing directions (Fig. 3) . By contrast, the slope of the regression line using dietary fibre to predict cholestanone-indexed faecal progestogen concen¬ trations (progestogen concentrations multiplied by the con¬ centration of cholestanone found in the same sample) produced a slope not different (P < 0.05) from zero. The utility of cholestanone (g~! dry faeces) as an index of faecal steroid excretion was tested by using serum progesterone concentrations to predict indexed versus nonindexed faecal progestogen content (lagged by 2 days). After controlling for individual differences (by dummy-coding), serum progesterone concentrations predicted more of the variance in cholestanoneindexed faecal progestogens than in nonindexed faecal pro¬ gestogens ( Table 2) . Although the effect of fibre approached significance for the nonindexed samples, adding dietary fibre had no effect upon the regression models predicting cholestanoneindexed progestogens (Table 2) .
Discussion
There was a close relationship between serum and faecal pro¬ gestogen concentrations two days later, which confirmed our earlier observations (Wasser et al, 1988 (Wasser et al, , 1991 . New data also demonstrated that this correspondence was relatively indepen¬ dent of the amount of dietary fibre consumed and greatest when faecal progestogen concentrations were expressed g_1 dry (rather than g_I equivalent wet) weight. It is well established that faecal bulk increases with dietary fibre, because of increases in both water and dry material (Goldin et al, 1982) . Although overall changes in faecal bulk were not measured, the percent¬ age of water was found to increase with dietary fibre. Fibre accounted for a significant additional portion of the variance in faecal progestogen concentrations expressed g_1 wet or dry weight. However, percentage of water predicted a significant portion of the variance only for faecal progestogens g~w et weight. All of these observations supported the conclusion that faecal steroids were best expressed g_1 dry weight. Expressing faecal progestogens g_I of dry, rather than wet, weight appeared to decrease the variance within individual progesto¬ gen profiles. This smoothing effect was most apparent by a reduction in high end outliers resulting from a low water percentage in some samples. However, Bamberg et al. (1991) reported an influence on low end outliers in severely diarrhetic samples; this effect should also be circumvented by expressing findings g-dry weight. Removing the influence of water (by expressing samples g_I dry weight) apparently improves the serum to faecal progestogen correspondence because most faecal steroids are unconjugated and, therefore, relatively hydrophobic (Adlercreutz et al, 1979) .
Absolute faecal progestogen concentrations g_1 dry (or wet) weight decreased as dietary fibre increased. This may have occurred because total (24 h) free steroid excretion: (i) was un¬ affected by dietary fibre, but faecal bulk increased; (ii) decreased because the increased dietary fibre reduced Gl transit time and increased the proportion of conjugated steroid; or (iii) increased, but the increase was less than the increase in faecal bulk. Data from humans support the last explanation in that 24 h faecal oestrogen excretion increased with dietary fibre; however, the effect was eliminated in an analysis of covariance after adjusting for the simultaneous increase that occurred in faecal bulk (Goldin et al, 1981 (Goldin et al, , 1982 .
Of the potential indices of faecal steroid excretion examined, only cholestanone concentrations appeared useful in baboons. Indexing faecal progestogens by cholestanone (which was positively correlated with dietary fibre) eliminated the impact of diet on the concentration of progestogen excreted, while simultaneously improving correspondence with serum. How¬ ever, based upon the close correspondence between serum and nonindexed faecal progestogens, regardless of dietary fibre, it may be impractical and unnecessary to rely on such an index, at least in this species. Simply expressing faecal progestogens g_I dry weight may be sufficient and the most cost-effective approach for controlling dietary effects on steroid excretion to confirm the occurrence of ovulation and diagnose pregnancy or abortion. On the other hand, when increased precision is required for estimating absolute steroid concentrations (for example determining the magnitude of luteal phase deficiency across females under highly variable dietary conditions), index¬ ing faecal steroid excretion by cholestanone concentrations may be appropriate. Because one of our long-standing interests is in measuring the impact of environmental Stressors on repro¬ ductive fitness of free-ranging baboons (Wasser, 1983; Wasser and Barash, 1983; Wasser and Starling, 1988) , we anticipate that cholestanone indexing may indeed be useful.
